The interest in waterborne paints amelioration increased lately due to the toxicological effect of certain ingredients on human health, the restrictive environmental legislation and the depletion and escalation in price of raw materials. Research efforts in formulating waterborne paints are directed to insure low volatile organic compounds (VOCs) emission while maintaining and even improving their properties. This paper presents a waterborne paint formulation process. The required main ingredient was an alkydic resin with 51.3 % w/w non-volatile-matter content, 51.6 mg KOH/g acidity, 8.5 pH, 80 s flow time. Aiming the highest values for paint viscosity, elasticity and hardness and the lowest VOCs emission, the optimal composition concerning the resin neutralization, type and amounts of neutralization agents, co-solvents and water were determined by Response Surface Methodology (RSM). As consequence, the resin was neutralized with a mixture of ammonia and triethylamine in 1:1.8 ratio and solubilized with butanol and butyl glycol co-solvents (2.8:1 ratio). Pigments and filling material were used in a 2.6:1 ratio reported at resin content. The final product can be described as a homogenous, viscos fluid, with 152 s flow time and 22.5% VOCs content. In the optimized drying conditions, it formed a film with a fineness of 40 μm, a semi-gloss aspect, a good adherence, an elasticity (after 7 days) of 5.5 mm and a hardness of 45, 93 and 104 s (after 24 h, 3 and 7 days respectively).
Introduction
In recent decades, conventional paints are more and more replaced by environmentally friendly formulas (Broek, 1993; Traumann et al., 2014) whose use is recommended due to ecological considerations, specifically the reduction of VOCs emissions) (Tucaliuc, 2014) and economic aspects (low volumes of organic solvents which tend to have a limited availability and are expensive). This type of paints includes powder, high-solids, polyurethanes, radiation curable, emulsion paints etc. (Barletta et al., 2006; Elhalawany et al., 2014; Klaasen and van der Leeuw, 2006; Kowalczyk et al., 2013; Salleh et al., 2013) .
Owing to their reduced solvent content, the water soluble paints are characterized by low toxicity, low VOCs emission, non-inflammability (de Mariz et al., 2010) . Even though they could possess a higher viscosity and require more time and heat to dry, the quality of the resulted films are comparable and sometimes superior to those obtained with solvent soluble paints. Based on the actual requirements for organic solvents emission (Rusu and Dumitriu, 2003) and considering the constant increase performance of existing water-based coatings, this paper was focused on the development of oxidative drying paints, primers, intermediate paints and enamels containing a water soluble resin useful for metal or wood coverage.
The first coatings with water based paints were the emulsion paints containing different resins (Athawale and Nimbalkar, 2011; Crespi et al., 2007) . They showed the disadvantages of not being suitable for metal (due to the the small amounts of water remaining in film and on the support, which caused corrosion phenomena) and having a low mechanical stability. The use of additives increases the formulation complexity and affects the film water resistance (Broek, 1993) . As consequence, easier to formulate paints were developed using water-soluble synthetic alkyd resins characterized by a low molecular weight and an important number of hydrophilic groups. Their dissolution in water is related to the presence of easily ionizable hydroxyl and carboxyl groups. Ammonia or amines are recommended in this case since they can ensure a good neutralization process without affecting the system rheology or the drying period. Produced by condensation reactions between polyols and polyacids, the mentioned resins contain also fatty acids which use influences in a positive way the mechanical properties of the resulting final film (Hofland, 2012) .
The water used in formulation process leads to a longer drying period and support adherence issues. These drawbacks are caused by the water high dipole moment, by its tendency to form hydrogen bonds and by the fact that it reduces the resistance duration of oxygen in the excited stage and the possibility of hydroperoxide stage formation (Dyer and Cummings, 2006) . The use of co-solvents such as alcohols or glycol ethers influences the water surface tension (Lisa et al., 2010) ameliorating the support adherence (Khossravi and Connors, 1993) . Siccatives and pigments are added in the final step of paint formulations. Additives such as modifiers (Nor et al., 2008) , wetting agents, antifoaming agents etc. ameliorate the ingredients dispersion and the film quality but their use remains optional. These paints do not show precipitation phenomena in freeze-thaw cycles or in mechanical shear that can occur during the production process.
This paper was directed to the development of resin water soluble oxidative drying paint, primers, intermediate paint and enamels formulas. An optimization process was leaded by RSM. Parameters such as the resin neutralization percentage, type and amounts of neutralization agents, co-solvents and water were used in order to find the best values able to insure the lowest VOCs content, the highest hardness and the best elasticity values. Various siccatives, pigments and additives were added and the obtained final paint formulas were submitted to different quality tests.
Materials and methods

Materials and reagents
Water soluble alkyd resin was produced by the Romanian Institute of Advanced Coatings. Luwipal LR 8334, Melarom 31 and Urezit 80 amino resins were supplied by BASF Romania and Rasin Romania respectively.
All reagents and solvents used for the experimental program were of analytical purity. Ethanol, butanol (BuOH), ethylene glycol, ammonia (NH 3 ), diethanolamine, triethanolamine, triethylamine (Et 3 N), cobalt naphthenate, barium hydroxide, titanium oxide, lead (II) chromate, calcium carbonate, phthalocyanine green, phthalocyanine blue, black carbon and talc were purchased from Sigma Aldrich (Romania). Manganese naphthenate and lead naphthenate were bought from TCI Europe (Belgium). Baochemicals (Spain) supplied the butyl glycol (BG). Lithopone, iron oxide yellow, zinc potassium chromate and red iron oxide were provided by Chemos GmbH (Germany). The solutions and dilutions were carried out by using deionized water.
Paints, primers, intermediate paints and enamels formulations
The products recipes were formulated by using the ingredients listed in Table 1 . The amount of the neutralization agent (amine) was established in order to insure the neutralization of at least 60% of the carboxylic groups existing in the resin. It was calculated from resin acid value by using Eq. (1), where: M a is the molecular weight of the amine; A is the acid value of the solid resin (defined as milligrams of KOH per gram of solid resin required to give a phenolphthalein titration end point (Howard, 1980) ); R is the quantity of the solid resin used and 56100 is 1000 times the molecular weight of KOH.
Amine amount
The required quantities of siccatives (Eq. 2) were determined knowing that they were purchased as naphthenate salts solutions containing 12% of a given metal (Christhilf et al., 1986 The established amounts of ingredients were milled for 24 h in a hammer mill. When the mixing process was finalized, certain amounts of resins, neutralizing agents and water were added and mixed with the anterior obtained formulas in order to complete the paint systems.
Experimental design
The design and analysis of variables were evaluated using NemrodW® v.2000 and XLSTATPro 7.5 version software. Preliminary experiments indicated six main factors affecting the quality of waterborne paints: the alkyd resin neutralization percentage, the type and amount of neutralization agents and co-solvents and the amount of water. In order to establish the appropriate values of these factors two optimization processes were conducted. For each process, the effect of three independent variables on the most important products quality indicators was investigated by RSM. 27 different experiments were carried out each time with three replicates in domain central point.
The independent variables selected in the first case were: the alkyd resin neutralization percentage, the amount of co-solvent (BuOH) and the amount of water. For the second optimization process, the independent variables were: neutralization agents' ratio (NH 3 -Et 3 N), co-solvents ratio (BG -BuOH) and the water percentage.
The variation levels of the chosen variables are presented in Tables 2 and 3 . Three response functions were followed for each optimization process: product viscosity, film hardness at 7 days and VOCs percentage emission and respectively product elasticity, hardness and VOCs emission. 
Paints, primers, intermediate paints and enamels testing procedure
The obtained products were applied on supports and submitted to different quality analyses (Table 4 ). All tests were carried out in triplicate at room temperature.
Results and discussion
Water soluble resin choice
The developed waterborne paints were formulated by using a series of ingredients namely water-soluble resins, neutralization agents, cosolvents, deionized water, siccatives, pigments and additives. Their choice and amounts were based on their effects on paint properties (aspect, viscosity, hardness, elasticity, drying time, VOCs emission etc.).
The formulation process consisted in two main phases: pigment dispersion and completion each one divided in several sub-phases. For pigment dispersion the most important step was represented by the binder choice. Two types of resins were used to this purpose: an alkydic one for obtaining a classic waterborne paint and a mixture of alkydic resin and different amino resins for the hybrid paint system production.
Preliminary tests were realized in order to establish if alkyd resin alone or its combination with different amino resins represent the best choice for paint formulation. The results (Table 5 ) revealed no differences between the resins in terms of appearance and drying time. Moreover, the Persoz test indicated higher hardness values in the case of alkyd resin. As respects the resistance to water immersion, a color going from slightly matted for the alkyd resin and its combination with Luwipal resin to matted for combinations of alkyd resin and Melarom or Urezit was observed. As consequence, the alkyd resin was chosen for further experiments.
Paints, primers, intermediate paints and enamels formulations optimization
Water-soluble alkydic resins are stabilized by anions generated by carboxylic groups which are neutralized by amines or ammonia. If these groups are only week bases, the pH-values of the neutralized solutions are about 7.5 to 8.2. This fact leads to the saponification of resin ester groups and has as consequence a limited storage time of the resulting paint systems. In order to avoid this inconvenient, the carboxylic groups must be neutralized (Müller and Poth, 2006) .
The choice of the agent used to this purpose was based on its ability to insure a good neutralization of carboxylic groups and on its influence on film aspect and drying time. Several preliminary tests were conducted with ammonia solution (25%), triethylamine, triethanolamine and diethanolamine (50%).
The results showed that the neutralization process was satisfactorily realized by all the employed agents. In regard of product appearance, the last two agents leaded to a sticky film even after 24 h from application. Ammonia conducted to the most reduced drying time but its use affected the paint color a yellowing process being detected.
An opposite effect was observed when triethylamine was used for neutralization. In terms of paint characteristics, the use of ammonia solution leaded to a higher hardness value (112 s) and to a lower elasticity (3.2 mm) compared to triethylamine which conducted to a hardness of 53 s and an elasticity of 5.3 mm. In order to insure a good solubility of the neutralized alkydic resin and an appropriate final products viscosity various amounts of water and of different solvents such as alcohols and glycol ethers were added. The use of co-solvents, besides of the cited benefits, may also help to the saponification stability.
BG for example, due to its molecular structure, forms solvates of alkyd resins in water phase, which consist of more solvent in the colloidal particles and less water. Other solvents such as ethanol, butanol, ethylene glycol or their mixtures can be employed too. On the other hand, this study was aimed to obtained paints systems with low VOCs emission. Therefore, we have tried to limit as more as possible the amounts of the employed cosolvents. Considering the above related aspects, we have decided to use the RSM in order to establish the ingredients optimal amounts. The values of the independent variables (alkyd resin neutralization percentage, co-solvent amount and water amount) and of the studied response functions (viscosity; hardness at 7 days; VOCs percentage) are reported in Table 6 .
The mathematical models generated for the response functions are expressed by Eqs. (4), (5) and (6). )   2  3  3  2  2  3  2  1  3   3  3  2  3  3  3  1  3  2  3  1  3   3  3  2  3  1 
The quality of the obtained polynomial model was established by several statistical data: the standard error which estimates the standard deviation of a certain value based on all values mean (Press et al., 1992) ; the coefficient of determination (R 2 ) which considers all effects; the adjusted coefficient of determination (adj. R 2 ) which considers only square effects and interaction effects between two input variables; the predicted coefficient of determination (pred. R 2 ) which considers all effects for values generated by the employed software; the predicted residual sum of squares (PRESS) which is a form of cross-validation used in regression analysis to provide a summary measure of the fit of a model to a sample of observations that were not themselves used to estimate the model and the precision adequacy (Adeq. Precision), which measure the ratio of signal to noise. The specific values of these statistical parameters for the studied functions are presented in Table 7 . Their values indicate that the mathematical models describe with high accuracy the behavior of the obtained experimental data.
The analysis of variance (ANOVA) served to calculate the significance of the response surface quadratic models coefficients. From data shown in Table 8 , it can be observed that the percentage of neutralized resin influences the paint hardness (p < 0.01) but does not affect in a significant way the viscosity (p = 74.7) and the VOCs emission (p = 35.1). This fact can be explained by the small amount of the neutralization agent required (0.94-1.25 g/100 g resin). On the contrary, the co-solvent amount seems to be a very important factor (p > 0.01) since it has a great impact on all three studied response functions. In terms of water amount, one can note that it influences only the paint viscosity and hardness (p < 0.01). The obtained p values reveal no effect of independent variables interactions on the mentioned functions.
In order to gain a better understanding of the results, the predicted models were presented as 3D surfaces plots (Fig. 1) based on the effects of two factors. Specifically, these plots showed how alkyd resin neutralization, co-solvent and water amounts related to paint viscosity, hardness and VOCs emission. The real values of the independent variables for the optimum results were calculated targeting the highest paint hardness, an appropriate viscosity (aiming values around 127 s) and the lowest VOCs emission values. From the obtained data (Table 9) , it can be noted that for a resin neutralization of 67-72%, 21% co-solvent and 27-28% water (values reported at paint resin content) the product was characterized by a viscosity of ≈ 128 s, a hardness at 7 days of ≈ 110 s and an emission of VOCs of ≈ 23%.
The differences in desirability, meaning in finding the best simultaneous conditions of waterborne paint formulation and in the imposed conditions, for all three propose mathematical model are minimal.
In order to validate the mathematical model adequacy and to find the correct paint formulations, 5 replicates of each generated recipe were carried out. After analyzing the recorded values and taking in consideration the averages and values frequency for each characteristic, a compromise formulation composition was adopted: resin neutralization degree 70% (1.10 g NH 3 /100 g resin), 21% co-solvent and 27% water (values reported at paint resin content). By testing the obtained paint systems (3 replicates) the following characteristics were measured: 127.1% ± 1.9% for viscosity, 112.0 s ± 0.6% for hardness and 23.79 g/L ± 0.3% for VOCs.
Taking into account these data, we have considered as indicate to ameliorate the obtained characteristics by using a mixture of NH 3 (25% in water) and Et 3 N as neutralization agent and a mixture of BG -BuOH as co-solvent.
Thus, another optimization program was established. This time, the three independent variables were represented by the neutralization agent and co-solvent constitutive elements ratios and the percentage of added water. The used values along with the experimental and predicted results obtained for paint elasticity (mm), its hardness at 7 days (s) and VOCs emission (%) are presented in Table 10 . 
For these equations, the registered R 2 and adj. R 2 (Table 7) were between 0.741 and 0.951 and between 0.604 and 0.925 respectively. The predicted R 2 and adjusted R 2 in this study indicate that only 7.5, 5.5 and 39.6% respectively of total variations could not be explained by the models. Their values and "Adeq. Precision" reveal an acceptable degree of accuracy for the behavior of the obtained experimental data. The low values recorded for VOCs emission are due to the fact that the relative difference between minimum (23.7%) and maximum (24.3%) values is of only 2.5% indicating that the variations are influenced only by the neutralization agent (added in small amounts) and that the determined amounts are in the method precision limits.
According to the equations coefficients significance reported by ANOVA test (Table 8) , the NH 3 -Et 3 N ratio affects (p > 0.01) the elasticity and hardness of the resulted paint. In terms of employed co-solvents ratio and water, the statistical analysis shows that they have an influence only on the paint hardness (p > 0.01).
It can also be noted that none of the variables has an important impact on the paint VOCs emission. This observation can be explained by the fact that the amount of co-solvents, the main responsible for VOCs emission augmentation, remains constant at 21%, the neutralization agents are in reduced amounts and the water percentage ranges only 2%. Moreover, the interactions between the studied parameters do not affect the followed response functions. Fig. 2 depicts the 3D surfaces plots generated for the resulted mathematical models. The figure illustrates how neutralization agents ratio, co-solvents ratio and water percentage related to paint elasticity, hardness and VOCs emission.
The real values of the independent variables for the optimum results were calculated targeting the highest paint hardness and elasticity and the lowest VOCs emission values. The resulted data (Table 11) show that when the ratio between NH 3 (25 % in water) and Et 3 N from neutralization agent is comprised between 1/1.45 and 1/2.32; the ratio between BG and BuOH is between 1/1.33 and 1/2.5 and the water percentage is between 26 and 28, the obtained product has an elasticity of ≈ 5.1 mm, a hardness at 7 days of ≈ 91 s and an emission of VOCs of ≈ 23%. Once the resin neutralization degree, water, neutralization agent and co-solvents type and amounts were established, the pigments dispersion phase was finalized by the addition of siccatives, pigments and extenders. In regard of utilized pigments, it must be noted that they have to be stable at the pH of paint formula. From the wide variety of the used substances able to insure a specific coloration we cite the following ones: titanium oxide, lithopone for white paints; black carbon for black paints; iron oxide yellow, lead (II) chromate, zinc potassium chromate for yellow paints; red iron oxide for red paints; phthalocyanine green for green paints and phthalocyanine blue for blue paints. Certain amounts of resins, neutralizing agents and water were mixed with these resulted paint formulas in the completion phase in order to rich the adequate systems composition.
After analyzing the obtained values (averages and frequency) from five replicates of each RSM optimized recipe, a new formulation was adopted: 70% of the neutralized resin with NH 3 (25% in water) and Et 3 N in 1/1.8 ratio (1.10 g neutralized agent/100 g resin), 21% BG and BuOH mix in 1/2.8 ratio and 27% water (reported at paint resin content). The tests of three replicates formulated with the new developed recipe confirmed the model adequacy. The response functions values were: 5.0 ± 0.1% mm for paint elasticity, 91 s for its hardness and 23.8% for VOCs emission. Considering all the presented results and after different other experimental studies (data not shown) we report bellow, as example, a possible final composition of a white (Table 12 ) and a colored (Table 13) waterborne paints. All the products developed in this research were submitted to different analyses (Table 14) . The obtained data for both recipes and products characteristics are consistent with those mentioned in literature (Müller and Poth, 2006) .
Along to the paint formulations presented above, this study included also the development of different primers, intermediate paints and enamels. They were based on the use of the same water soluble alkydic resin as for paint systems. The resin neutralization was attained with the same neutralization agent (mixture of NH 3 25% in water and Et 3 N in 1/1.8 ratio).
For primers, the ratio between binder and pigment with filling materials varied between 1/2 and 1/2.6. They were characterized by a matted aspect, a viscosity of 152 -187 s (ISO 2431 -cup 5/20 °C) and a fineness of 40 μm. In terms of drying time, the primers required a period of 50 min when the method called "at dust" was used and of 21 h when type C drying method was employed.
The elasticity registered at 7 days from the application on support was of ≈ 5.3 mm. The recorded hardness after 24 h, 3 and 7 days was of ≈ 45 s, ≈ 91 s and ≈ 105 s respectively. The primers content of VOCs was between 8 and 10%.
In the case of intermediate paints, the resin neutralization process was conducted until the products dispersion fineness attained 30 -35 μm. The realized analyses revealed a semi glossy aspect; a viscosity (ISO 2431 -cup 4/20 °C) between 172 and 223 s; a drying time of 60 min "at dust" and of 24 h type C; an elasticity between 5.5 and 6.5 mm; and a hardness between 39 and 49 s after 24 h and between 70 and 80 s at 7 days. The resistance to water immersion test showed a matted aspect. The intermediate paints VOCs were between 11.9 and 13%. For enamels the desired dispersion fineness was of 20 to 25 μm. When they were submitted to quality analysis the following results were obtained: glossy aspect; viscosity (ISO 2431 -cup 4/20 °C): 135 -176 s; drying time: 60 min "at dust" and 24 h type C; elasticity: 6.4 -6.7 mm; hardness: 80 -85 s (at 7 days); matted aspect after 24 h of water immersion and unchanged after 24 h of mineral oil immersion. The VOCs of enamels was of 14.9 -18.25%. All the experiments carried out in this study permitted us to conclude that the followed experimental program was able to establish the adequate ingredients proportions in order to obtain products characterized by an appropriate quality which can be successfully employed for metal or wood coverage.
Conclusions
Waterborne paints represents an attractive alternative to those based on organic solvents especially due to the fact that the last ones require expensive ingredients and are responsible for realizing important amounts of VOCs known as affecting the environment and the human health. Even though at the beginning the waterborne paints were classified as not being suitable for all types of supports because of the possible corrosion phenomena, the research conducted to improved formulas able to insure low VOCs emission while maintaining and even improving their properties (general aspect, rheological characteristics, drying time, resistance at physical, chemical and microbiological actions etc.).
In this paper we successfully developed a waterborne paint formulation process. A water soluble alkydic resin was used to this purpose. Its neutralization percentage, the type and amount of the neutralization agents, co-solvents and water known as parameters affecting some of the main paint characteristics such as viscosity, elasticity, hardness, VOCs emission etc. were chosen as independent variables and optimized in two different steps by RSM. According to the obtained results, it is recommended to neutralize 70 to 80% of the carboxylic groups existing in the employed resin.
A mixture of NH 3 (aqueous solution 25% w/w) and Et 3 N in 1/1.8 ratio (1.10 g neutralized agent/100 g resin) can be used to accomplish this objective. Once neutralized, the resin must be solubilized in co-solvents (21% BG and BuOH mix in a ratio of 1 to 2.8) and water (27% reported at the alkyd resin amount) and mixed with siccatives, pigments and other necessary additives (extenders, wetting agents, anti-settling agents, rust inhibitors, flattening agents etc.). The statistical analysis of the mathematical models obtained for the followed response functions revealed a high similarity between the data acquired experimentally and those predicted by the registered equations. In the established conditions, paint elasticity was of 5.0 mm and its hardness reached 91 s. In terms of VOCs emission, a value of 23.8% was recorded.
Several different paint formulations white or colored along to various primers, intermediate paints and enamels were also developed in the present research work. The analysis of their specific characteristics indicated that the studied parameters and the established experimental program were able to determine the appropriate ingredients types and amounts required for obtaining high quality products useful for metal or wood coverage.
